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ABSTRACT  
Air pollution is one of the biggest challenges people face today. It is closely 
related to people's health condition. The agencies set up standards to regulate the 
air pollution. However, many of the pollutants under the regulation level may still 
result in adverse health effect. On the other hand, it is not clear the exact 
mechanism of air pollutants and its health effect. So it is difficult for the health 
centers to advise people how to prevent the air pollutant related diseases. It is of 
vital importance for both the agencies and the health centers to have a better 
understanding of the air pollution. Based on these needs, it is crucial to establish 
mobile health sensors for personal exposure assessment. Here, two sensing 
principles are illustrated: the tuning fork platform and the colorimetric platform. 
Mobile devices based on these principles have been built. The detections of ozone, 
NOX, carbon monoxide and formaldehyde have been shown. An integrated device 
of nitrogen dioxide and carbon monoxide is introduced. Fan is used for sample 
delivery instead pump and valves to reduce the size, cost and power consumption. 
Finally, the future work is discussed.     
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CHAPTER 1                                                                             
INTRODUCTION AND BACKGROUND 
1.1 Introduction 
The world is now crowded with populations and rapid expansion industries. 
As a result, the environment we have lived in has become worse and worse. Lots 
of environmental issues emerge: the overuse of natural resources, the inefficient 
use of energy, the large amount of waste production and so on. Among all these 
issues, air pollution is most closely related to our health. In 2002, there are still 
around 146 million Americans living in areas where monitored air failed to meet 
the 1997 National Ambient Air Quality Standards for at least 1 of the 6 ''criteria 
air pollutants": ozone, particulate matter, sulfur dioxide, nitrogen dioxide, carbon 
monoxide and lead.[1] In order to obtain a better environment, different agencies 
in different countries or areas set a series of rules to regulate the air pollutants. 
Table 1 shows the standards for the air pollutants which will be discussed later in 
this report.   
Although the standards have been set, numerous studies have shown adverse 
health effects from air pollution at levels once considered safe. [1] If better 
understanding of the effects of the air pollution can be achieved, more scientific 
rules can be set. Also, people are aware that adverse health effects can occur from 
air pollution. But the exact mechanisms of how air pollution affects certain 
diseases are not clear. It has been known the airborne particulate matter and ozone 
are associated with increases in mortality and hospital admissions due to 
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respiratory and cardiovascular disease. [2] However, what the exact triggers are 
still remains unknown. So it is critical for the allergist or respiratory physician to 
have a better knowledge of the potential health effects of the air pollution. Then 
they can advise the patients accordingly. [3]  
Table 1 Air quality guidelines and standards for ozone, nitrogen dioxide, carbon 
monoxide and formaldehyde[4-9] 
 Maximum concentration allowed when averaged over time 
1 h 8 h 1 year 
Ozone 
WHO  0.05 ppmV 
(100  g/m3) 
 
EPA 0.12 ppmV 
(235  g/m3) 
0.08 ppmV 
(157  g/m3) 
 
EU  0.06 ppmV 
(120  g/m3) 
 
Nitrogen Dioxide 
WHO 0.106 ppmV 
(200  g/m3) 
 0.021 ppmV 
(40  g/m3) 
EPA 0.1 ppmV 
(200  g/m3) 
 0.053 ppmV 
(100  g/m3) 
EU 0.1 ppmV 
(200  g/m3) 
 0.021 ppmV 
(40  g/m3) 
Carbon Monoxide 
WHO 26 ppmV 
(30 mg/m
3
) 
9 ppmV 
(10 mg/m
3
) 
 
EPA 35 ppmV 
(40 mg/m
3
) 
9 ppmV 
(10 mg/m
3
) 
 
EU  9 ppmV 
(10 mg/m
3
) 
 
Formaldehyde 
OSHA  0.75 ppmV  
NOISH  0.016 ppmV  
Sources: World Health Organization(WHO), US Environmental Protection 
Agency (EPA), European Union (EU), Occupational Safety and Health 
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Administration(OSHA) and National Institute for Occupational Safety and Health 
(NOISH) 
 
In all, it is very important to understand health effects of air pollution in order 
for the agencies to set the appropriate standards and also for the doctors and 
patients to have a thorough understanding of the diseases.   
1.2 Current state for environmental monitoring 
Currently, air pollution monitoring is normally carried out by organizations 
through monitoring programs. Various sampling methods are used. Large 
equipments are preferred in these studies for their accurate readings. However, 
these equipments generally require high power consumption. So they are 
normally found in fixed monitoring sites or mobile cars which can provide 
continuous power supply. Passive samplers are also popular in some studies. They 
are installed in the sites for some time. The researchers go to the sites to collect 
the samples and then bring them back to the laboratory for further analysis. This 
approach is not always convenient. Gas chromatography–mass spectrometry 
(GCMS) is normally adopted as the analysis method which is time consuming and 
requires special training before use. Many studies use mobile devices which may 
not offer the same accuracy as the large equipments but they are easy to use and 
allow on-site analysis. However, many mobile devices are still costly. 
Inexpensive mobile devices are in great need.  
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1.3 Environmental exposure assessment 
Two approaches are commonly used for environmental exposure assessment: 
indirect approach and direct approach.[10] For the indirect approach, it measures 
the pollutant concentrations at fixed sites or during specific human activities to 
predict the exposed distribution within a population. It multiplies the pollutant 
concentrations by the time spent in each microenvironment or activity and then 
correlates to large-scale activity pattern data, such as the National Human Activity 
Pattern Survey (NHAPS). This approach measures the estimated exposure 
distributions within a population rather than the direct exposure each individual 
has. The accuracy of this approach is easily affected by the assumptions made 
during the study, the time-activity data, or the measured pollutant concentrations. 
Figure 1.1 The mobile platform in University of Southern California for 
environmental pollutant monitoring 
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The direct approach measures the pollutant concentrations reaching the 
respondents. It directly monitors on or within the person through point of contact, 
biological monitoring or biomarkers. Compared to the indirect approach, the 
direct approach is normally more accurate but more costly in terms of resources 
and demands placing device on the subject being measured. 
Would it be nice if these kind of health sensors are available which are 
inexpensive, low power consumption, easy to carry around?  These sensors would 
provide accurate readings and yet not so costly. In this way, more accurate 
personal exposure assessment can be established. The mobile health sensor for 
environmental exposure assessment is the main focus of this report.  
1.4 Sensing platforms 
Mobile heath sensors can be based on a variety of principles. Depending on 
the nature of the gas analytes that are going to be sensed and the application of the 
sensors, some sensing platforms are preferred than the others. Here, two types of 
sensing platforms are introduced which would be used in the later chapters.  
1.4.1 Quartz tuning fork(QTF) sensor 
Tuning fork is first invented as a musical instrument which can bring us joyful 
melodies. Later on, people start to use tuning forks in clocks and watches as 
timing element. Here tuning fork is modified as a chemical sensor.  
QTF is made of a U-shape quartz crystal. Quartz crystal is crystalline silicon 
dioxide and is a piezoelectric material. The electrode, normally made of silver, is 
typically plated onto the quartz crystal surface. Since the quartz crystal has the 
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piezoelectric property, the electrical signal can be transduced into mechanical 
signal and vice versa. The position of the electrode defines the way of the 
deformation when the electrical field is applied and hence defines the generated 
type of acoustic wave. The selected cut leads to a shear wave when the electrical 
field is applied orthogonally to the surface of the quartz surface. Because the two 
prongs have a symmetric shape, the number of possible modes has been greatly 
reduced which means some low frequency mechanic noise can be cancelled out 
on the two prongs of the tuning fork[11]. 
The frequency of the tuning fork is determined by the shape of the prongs. 
The first resonance mode is obtained numerically:  
  
      
  
 
 
 
                                                                                                    (1) 
where a is the thickness of the prongs of the tuning fork, l is the length of the 
prongs, E is the Young’s modulus of the quartz which equals to 1011 N/m2 and ρ = 
2650 kg/m
3
 which is the density of the quartz[11]. Calculated from this equation, 
for most tuning forks, the intrinsic resonance frequency is 32768 Hz which is also 
2
15
 Hz. Additionally, the cutting of the tuning fork determines the temperature 
response of the tuning fork. If the cutting is done appropriately, the resonance 
frequency is relatively stable at room temperature.  
The quality factor is a fundamental factor which determines how the tuning 
fork responses under external perturbations. It is defined as the ratio of the energy 
stored in the resonator to the energy dissipated during each oscillation period. 
This factor predicts the stability of the resulting frequency around its intrinsic 
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resonance frequency. A typical unopened commercial tuning fork has a quality 
factor around 90000[12] while an opened unmodified tuning fork has a quality 
factor of approximately 10000. 
Due to the high quality factor of tuning fork, it has applications in several 
different fields. Tuning fork can be used as a force sensor. The key is to break the 
symmetry and attach one probe to one prong of the tuning fork. Then applying a 
force to the probe would perturb the resonance frequency of the tuning fork and 
yield a very sensitive force sensor. It has been used intensely in the atomic force 
microscopy. Other applications of the tuning fork include tuning the quality factor, 
using a laser to generate optical radiation between two prongs and so on[13]. 
Tuning fork can be modeled as a mechanic resonator. Thus the resonance 
frequency can also be expressed in the following form: 
  
 
  
 
 
 
                                                                                                        (2) 
where k is the effective spring constant and m is the mass of the tuning fork. In 
our lab, the tuning fork is modified in two ways: one way is to change the 
effective spring constant and the other way is to change the mass of the tuning 
fork. In the first case, a polymer wire is pulled across the two prongs of the tuning 
fork. The effective spring constant is therefore modified. Now, the tuning fork is 
very sensitive to the changes of the effective spring constant. When the gas 
analyte reacts with or partially dissolves in the polymer wire, the effective spring 
constant will change. As the result, when the resonance frequency is monitored , it 
would show a frequency shift. The change of the frequency can be expressed as 
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                                                                                                  (3) 
where f is the resonant frequency of the tuning fork, f is the change in resonant 
frequency, A is the cross section area, L is the length of the polymer wire, kfork is 
the effective spring constant of the tuning fork and E is the change in Young’s 
modulus of the polymer wire. 
In the second case where the mass of the tuning fork is modified, a specific 
kind of polymer is coated to the top of the tuning fork which is the most sensitive 
region. It works as a mass loading sensor. When the gas analyte reacts chemically 
or physically with the polymer, the mass of the prongs changes which would 
result in the resonance frequency shift.  
1.4.2 Colorimetric sensor 
The essential part of colorimetric sensor is color change. Let's first find out 
what is color. An artist would tell you, color is something that makes the world 
more beautiful. If using in the right combination, the color would bring you lots of 
fun and joy. However, from the physics perspective of view, different colors of 
lights are merely the way human perceives different wavelengths of 
electromagnetic waves. Light, an electromagnetic wave, is characterized by its 
wavelength and its intensity. Light sources have different kind of spectrums. 
Human can only see light whose wavelength ranges from 390 nm to 750 nm 
which is called the visible spectrum. Figure 1.2 shows the color spectrum, of 
which the visible spectrum is only a narrow range. The reason for human to see 
the visible spectrum is that human have the photo receptors in the eye which are 
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sensitive to this spectrum. In principle, as long as there are photo sensitive units 
which are sensitive to other wavelengths, any spectrums are able to be seen. For 
instance, many animals have more or less types of color receptors than human. 
They see a different kind of color spectrum than human. In a similar pattern, if 
there are color sensors which are sensitive to different wavelengths, these sensors 
would help us to see a much broader spectrum of the world.  
 
Figure 1.2 Color spectrum 
 
There are two kinds of photoreceptors in human eyes: cones and rod. The 
cones are sensitive to the form and color of the objects. [14]They are for acute 
visions. There are three types of cones: short-wavelength cones or blue cones, 
long-wavelength cones or red cones and middle-wavelength or green cones. The 
rod has a different response curve. It is more for night vision. It is very sensitive 
to light but has poor resolutions. When light is strong enough, only cones are 
stimulated and rods don't play any role at all. [15] In dim light, the cones are 
under stimulated leaving only signal from rods.  
Human's perception of color could be deceptive based on personal 
experiences or preferences. For a sensing device, more standard color sensors are 
10 
 
used to evaluate different colors. In our lab, two types of image sensors are used 
for color sensing: photo diode and complementary metal–oxide–semiconductor 
(CMOS) imaging sensor.  
Photo diode is a type of photo detectors which converts light into either 
current or voltage depending on the mode of operation. [16] A photo diode is a p-
n junction or PIN structure when operating in reverse bias. [17]When a photo 
strikes the surface of the diode, an electron is excited to become a free electron. 
Thus, a current is formed. By measuring the amplitude of the current, the intensity 
of the incident light is measured. The photo current is a sum of dark current 
(current without any incident light) and the incident light current. So it is very 
important to minimize the dark current. Also, ambient light is a big contributor to 
the noise. Shielding from the ambient light is critical to obtain a good sensitivity 
of the device. A photo diode is sensitive to a wide range of the wavelength. The 
wavelength range of common silicon photo diode is around 190 nm to 1100 
nm,[17] covering the whole visible spectrum. So far, the photo diode is only able 
to measure the intensities of the light rather than specifying different colors. In 
order to separate different colors, normally some external filters are needed. The 
low-cost and most common one is called Bayer sensor [11]. The Bayer sensor 
utilizes a color filter array (CFA) to pass red, green or blue light to selected pixel 
sensors. It has one blue, one red and two green filters.  
CMOS imaging sensor is a type of active pixel sensor using the CMOS 
semiconductor process. For each pixel, there is a photo detector (a pinned 
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photodiode) and an extra circuitry next to it for converting the light energy to a 
voltage which is later converted to digital data. The biggest advantage of a CMOS 
sensor is its cost is much less than other types of image sensor, for instance, a 
CCD sensor. It is also immune to the blooming effect where a light source has 
overloaded the sensitivity of the sensor, causing the sensor to bleed the light 
source onto other pixels.  On the other hand, since the CMOS video sensor 
captures a row of the image in a kind of slow motion, it may cause an image to 
skew.  
Colorimetric sensor utilizes the color change of a certain chemical compound 
or combination of different chemical compounds when encountering the analytes. 
Different interactions between the analytes and the color change compound could 
occur such as chemical reactions or physical absorptions. One common kind of 
chemical reactions is based on pH change. Sometimes, the pH change involves 
another compound which would change pH value when reacting with the analyte 
and a pH indicator which would change color as a result of the pH change on the 
substrate. In some cases, the pH indicator itself would change color when reacting 
with the analyte because of oxidization or reduction. Some compounds can alone 
change its color from the oxidizing or reducing process with the analyte. Some 
physical bindings can change the structure of the chemical which also induces a 
color change.   
The choice of the substrate is critical in the sensor design. The substrate 
should have enough surface to volume ratio to provide a good sensitivity. Also it 
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has to be inert of the chemical used as the sensor or the analyte being detected. 
Silica gel is a very good substrate which has very large surface to volume ratio 
and it is also a very inert material. However, the particle form of silica gel 
sometimes limits its usage in mobile devices. Other alternatives such as cellulose 
paper, glass fiber filter and laminating film are also explored in our lab.      
A typical colorimetric setup contains a light source, a sensing element and a 
color detector. The light source could be a light-emitting diode (LED) which is 
inexpensive and normally covers a broader spectrum or a laser which has a much 
sharper spectrum but may be costly depending on the quality. There are also 
different types of color detectors ranging from CCD camera to human naked eye. 
The CCD camera provides a better accuracy but may not be feasible in portable 
devices. A simple comparison between standard color chart and the color of the 
product formed on the sensor using eyeball is also a popular method.    
Test papers, such as pH papers, are one of the most popular colorimetric 
sensors. However, not much research continued after that. It starts to gain 
popularity again after Suslick’s paper on Nature in 2000[15]. The photo detectors 
nowadays are less expensive and more accurate, which enables the research on 
colorimetric sensors to go on to a simple, portable yet sensitive path.   
In summary, there is a great need of mobile health sensor for personal 
assessment both for the agencies to set more scientific standards and for doctors 
to understand the mechanism of certain diseases for disease prevention. To 
develop an inexpensive, sensitive and mobile device is very important to fulfill 
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this need. Here, two sensing platforms are presented to achieve this goal: tuning 
fork sensor and colorimetric sensor. In the following chapters, these two 
platforms are used to detect different gas analytes.   
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CHAPTER 2                                                                                               
OZONE MONITERING 
2.1 Introduction 
Ozone is a reactive constituent of urban atmospheres, associated with asthma 
and other health effects [14]. In indoor environments, ozone chemistry leads to 
the formation of potentially harmful secondary pollutant [16, 18, 19]. To date, 
ozone monitoring is mainly performed by UV photometry [20] with relative 
expensive and heavy equipment that needs frequent calibrations. A lower cost 
portable ozone sensor based on metal oxide has been developed to detect ozone, 
but it demands high power consumption and is prone to drifts originating from 
fluctuating ambient oxygen concentrations [21].
 
An alternative way for portable 
ozone monitor is to use mass loading Quartz Crystal Microbalance (QCM) which 
has been developed and tested by Black et al.[22] This system has demonstrated 
good performance for indoor applications. However, compared to the tuning fork 
ozone sensor presented here, the QCM-based ozone monitor system shows less 
portability and lacks versatility to simultaneously monitor humidity changes and 
other pollution analytes. Due to the lack of a suitable alternative technique, ozone 
exposure is currently estimated through measurements performed at regional 
monitoring stations [23-25]. This approach cannot meet the needs of local ozone 
level variation monitoring; which are typically low for indoors and around traffic 
where ozone is consumed by the reaction with nitric oxide (NO). It is also not 
suitable for assessing personal exposure, which is critical for epidemiologic 
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studies that aim to determine the link between personal ozone exposure and 
health.  
In our lab, two kinds of ozone sensors are developed: one is based on 
microfabricated quartz tuning forks (QTF) while the other is based on 
colorimetric principle. The QTF sensor is miniaturized with minimum power 
consumption, and yet can detect ppb-level of ozone concentrations, which is ideal 
for the needs of monitoring local ozone levels and assessing personal ozone 
exposure. The colorimetric ozone sensor can simultaneously monitors other air 
pollutants such as nitrogen oxides.   
2.2 QTF ozone sensor 
2.2.1Experimental setup 
The QTFs are mechanical resonators with extraordinary mass sensitivity, high 
thermal and mechanical stability and self-sensing capability. The QTFs used here 
have a resonance frequency of 32,768 Hz with dimensions of 4 mm, 0.35 mm and 
0.6 mm for each prong (Newark In One Electronics). The effective spring 
constant of these QTFs is ~20 kN/m and the thermal noise is ~ 1 x 10
−4 
nm (root 
mean square oscillation amplitude of the prongs) at room temperature[26-30]. A 
QTF sensor array of 10 QTFs is built. Coating QTF sensing elements with 
different materials allows us to detect multiple analytes. In the present work, the 
sensing elements include: (1) an ozone sensitive QTF modified with materials 
based on double carbon bonds with a rapid kinetics towards ozone, (2) a humidity 
sensitive QTF modified with a neutral hydrophilic polymer to monitor humidity 
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(polyacrylamide), (3) an exposed passivated bare QTF to check the electrical 
circuit or for changes in the flow rate of the system, and (4) an insulated QTF 
calibrated to monitor temperature drifts. The six remaining QTF sensing elements 
are either used for redundant ozone detection or reserved for simultaneous 
detection of other pollutants. In addition to the sensing array, the proposed system 
includes components to minimize humidity burden (Nafion tubing, 2B 
Technologies, Inc.), and an ozone scrubber to create ozone-free air for calibration 
of the device and for reference subtraction to further improve the performance. 
The air flow is controlled by a 2-way switching valve connected to a minipump 
(Parker) to deliver air sample to the QTF sensing array. 
Several different ozone sensitive materials, including polybutadiene[22]. 
(Aldrich), home-made silica nanoparticles[31] modified with butadiene silane and 
ionic liquid SP-IL100 (gift from Supelco) were tested. Only polybutadiene 
offered the best performance. The amount of the polymer coating is optimized 
also for best ozone sensitivity. As the ozone reacts with the polymer, a 
corresponding mass change occurs, resulting in a change of resonant frequency of 
the QTF. 
The sensor array was housed in a Teflon cell, as shown in Figure 2.1 [29, 30] 
and driven into oscillation with a circuit, which also monitors the oscillation 
frequency of each QTF with a mass detection limit of ~ 2 pg/mm
2
. The noise level 
of the circuit was optimized at ~4 mHz peak-to-peak with a response time of 1 s 
(1 data/s = 1 Hz) (Figure 2.1(B), black curve) and further decreased to ~1 mHz 
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peak-to-peak, by smoothing with an equivalent resolution of 0.2 Hz (1  data/5 s) 
(Figure 2.1(B), red curve). The detection circuit contains further a Bluetooth 
chip that can transmit sensor output signals up to 100 meters away to a 
Bluetooth-enabled device, such as a laptop or cell phone.  
Both dry and ambient air samples were used to calibrate the QTF ozone 
sensors. A UV ozone generator (UVP Corp., Upland, CA) was used to generate 
samples of different ozone concentrations and a commercial ozone monitor (2B 
Technologies, Inc) was used for assessment of ozone concentrations of the tested 
samples. An ozone scrubber provided by 2B Technologies, Inc. was used to build 
the QTF-sensor array based device with two switching channels, sampling and 
zeroing, respectively.  The scrubber was included as part of the zeroing channel. 
Figure 2.1 A) Schematic of a QTF sensor array; B) Record of the noise level of 
the circuit built for the QTF array; C) QTF array with Teflon housing; D) 
Individual QTF. 
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To demonstrate the selectivity, sensitivity, and robustness of this sensor for 
ozone detection, various experiments for characterization, calibration and ambient 
testing are completed. 
 2.2.2 Ozone detection and Tuning Fork sensor calibration 
Figure 2.2 shows the response of a polybutadiene coated QTF element to 
different ozone concentrations. The time course of the resonant frequency 
changes on the QTF sensor (black curve) is compared with ozone concentrations 
measured with the commercial photometric ozone monitor (red curve). A steady 
and linear frequency decrease (associated to a mass increase) is recorded when the 
sensor is exposed to ozone.  
 
Figure 2.2 Response of 4.5μg polybutadiene coated tuning fork towards alternate 
low ozone concentration and ozone-free air exposures.  
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The slope of the linear increase (-f/t) is proportional to O3 concentration 
(Figure 2.3). It has been studied the origin of the mass increase (see below) and 
concluded that it is due to the irreversible uptake of oxygen atoms in the reaction 
of ozone with the sensing materials. Optimal correlation of the sensor response 
with ozone concentration is found when the -f/t measured in the presence of 
ozone is corrected by subtracting -f/t measured in the absence of ozone 
immediately before and after the sample. The last parameter is assessed when the 
2-way valve switches and connects the ozone scrubber to the inlet of the sensor 
array chamber. As a consequence, the corrected slope defined as [f/t (with O3) 
- f/t (without O3)] is evaluated as the response signal of the ozone sensor. From 
calibration plots of corrected slope vs. ozone concentration, a correlation factor of 
3.0×10
-6 
± 1.7×10
-7 
Hz
2
/ppbV (5.6%) is obtained for polybutadiene coating 
masses ranging between 3.3 – 6.6 μg, which resulted an optimal coating mass 
range. It has been found this coating mass range to be essential to reach the linear 
regime of the sensor response (linear -f vs. t, at a given concentration). Lower 
coating masses produced exponential dependence of -f vs. t as expected by a 
reaction limited by a pseudo-first order kinetics (not shown), while higher coating 
masses precluded the QTFs to be driven steadily with the oscillator circuit.  
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Figure 2.3 Calibration plots of the response of different tuning fork sensors vs. 
ozone concentration. The inserted figure is the tuning fork response obtained at 
low ozone concentration range.  
  
2.2.3 Ozone detection in ambient air 
The calibration factor provides good determination of unknown ozone 
concentrations. Figure 2.4 shows the correlation between ozone concentrations 
measured in ambient air by several QTF sensors and the commercial UV ozone 
monitor (2B Tech Model 202). The correlation is accurate within 86%. The 
accuracy is defined as the slope of the linear regression line of the tuning fork 
sensor response vs. readings from the commercial ozone instrument. Additionally, 
the linear regime of the sensor response given by the optimized polymer coating 
mass on the resonator allowed to use the sensor with repetitive exposure events 
and alternating low and high ozone levels with a total lifetime of ~120 ppbV∙Hr.  
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Currently, the ozone sensor has a relatively short lifetime. As to the cost of the 
sensors, a tuning fork cost less than 10 US cents each while the polymer used is 
also relatively inexpensive and is commercially available. The modification 
process is also simple. So the cost of the sensor is anticipated to be very 
economical. Figure 2.5 shows the response of the QTF ozone sensor to the 
variation of ozone level equivalent to a high exposure level during a day.  
 
Figure 2.4 Comparison of ozone level readings obtained from QTF sensors using 
a calibration plot and function as shown in Figure 2.3, and readings from a 
commercial ozone monitor of indoor air samples and artificially ozone spiked 
samples.  
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Figure 2.5 Ozone measurements performed with a single QTF ozone sensor with 
ozone exposure events equivalent to increasing and decreasing ozone levels 
observed along a day. 
 
2.2.4 Characterization of ozone detection reaction products 
In order to understand the sensing mechanism, Fourier Transform Infrared 
(FTIR) spectroscopic studies were carried out to characterize the reaction 
products of alkene-rich sensing materials with ozone as well as the reaction 
kinetics. Ozone reacts with carbon double bonds (C=C) of polybutadiene or 
butadiene silane, leading to the formation of carbonyl groups and carboxylates. 
Figure 2.6 shows Fourier Transform Infrared (FTIR) spectra of polybutadiene thin 
film (~500 nm thick) pre- and post-exposure to 100 ppbV ozone for two hours.  
The band at 3,007 cm
-1
 corresponding to olefinic C-H stretching decreases at a 
much faster rate than the other C-H stretching signatures (at 2,960 and 2,922 cm
-
1
), consistent with a preferential attack of ozone on the alkene moiety. Reductions 
in intensity of alkane C-H stretching signatures at 2,960 and 2,922 cm
-1
 indicates 
that other oxidation pathways were also present, and/or evaporative losses of 
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small fragments of the polymer produced in the reaction. In addition, new bands 
are observed at 1,726 cm
-1
 (C=O stretching), 1,377 cm
-1
 and 1,111 cm
-1
 (C–O 
single bond), indicating buildup of oxygenated functional groups. This uptake of 
oxygen during ozonation leads to a proportional mass increase of the polymer, 
which determines the amount of resonant frequency shift of the QTF sensors. 
 
Figure 2.6 FTIR spectra of a polybutadiene film before and after exposure to 
100ppbV ozone during 2 hours. 
 
2.3 Colorimetric ozone sensor 
Colorimetric ozone sensor shares the same experimental setup as the nitrogen 
dioxide, which will be discussed in detail in the later chapters. Nitrogen dioxide 
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produce the color change. Since ozone has similar oxidizing ability, the same 
sensor can be used to detect ozone and nitrogen dioxide simultaneously.  
2.4 Conclusion 
Ozone sensors based on two different principles are presented. First one is 
based on tuning fork sensor. A miniaturized ozone sensor using an array of QTFs 
is developed. QTF sensing elements are integrated with digital control and 
detection circuit, sample collection and filtration, and wireless communication. 
The sensor is based on the specific reaction of carbon double bonds of polymer 
materials, unique sensing capability of microfabricated QTF. The reaction 
mechanism of the polymer sensing materials with ozone and determined the 
sensing mechanism has been studied. It has been demonstrated real-time and 
accurate monitoring of ozone at the ppb-level. The QTF sensor is also highly 
stable, with low cost and low power consumption, which is ideal for personal 
exposure assessment and protection. The second ozone sensor is based on 
colorimetric principle. Colorimetric sensor is generally inexpensive and easy to 
integrated to detect gas mixtures which is ideal for mobile health sensor.   
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CHAPTER 3                                                                                                      
NOX MONITORING-COLORIMETRIC METHOD 
3.1 Introduction 
NOx is the collective name for NO and NO2. It has been one of the most 
significant pollutants since last century. The emissions of NOx could be from 
natural sources or human activities. Globally, the amount of NOx coming from 
natural environment far outweighs that generated by human. Since it is widely 
distributed all over the surface of the earth, the resulting atmospheric 
concentration is very low.[32] NO2 is mainly the secondary pollutant of NO. In 
most cases NO is emitted first and then transferred to NO2. In natural environment, 
NO is mainly formed by N2 and O2. These two gases are quite stable in ambient 
environment. Without catalyst, the reaction is rather difficult. However, at high 
temperature or when lightning, given the high concentration of N2 and O2 
presented in ambient air, large amount of NO could be generated in situ[32, 33]. 
In highly industrialized areas, the major outdoor source of NO is the engine 
combustion process.[34] The exhaust of fossil fuel-burning engines in cars, trucks, 
coal power plants and industrial manufacturing factories contain high 
concentration of NO. Indoor NO level is from different sources which include 
tobacco smoking, gas-fired appliances and oil stoves. When NO is produced, it is 
prone to be oxidized by oxygen or ozone to NO2. This oxidizing process could 
occur rapidly. It is reported that at a concentration of 100 ppbV NO, 50% 
conversion of NO would take less than 1 min to NO2 in presence of 100 ppbV of 
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ozone.[35] This pollution problem from NOx gradually becomes a major issue 
with modern cities. [36-40] 
NOx is related to many environmental problems such as acid rain, ozone layer 
depletion and photochemical smog.[41] NO together with water and oxygen could 
be converted to nitric acid, which is known as an acid rain. NOx is also a 
contributing factor for the ozone layer depletion. It could react with ozone and 
thus deplete the ozone in ambient environment. NOx and volatile organic 
compounds (VOCs), in present of sunlight, would generate airborne particles and 
ozone. This particles formed is called photochemical smog.[37] Cities where are 
sunny, warm and dry are more likely to have this type of smog. Los Angeles, 
Phoenix and many other cities are suffering a lot from the smog in the last decade 
or even earlier.  
On the other hand, NOx is harmful for human health. Senior citizens, children 
and people with respiratory disease like asthma are very sensitive to high 
concentration of NO2. It could inflame breathing passages, decrease the lungs’ 
working capacity, and cause shortness of breath, pain when inhaling deeply. Both 
short-term and long-term exposure to NOx could harm the human health. So the 
detection and mapping of NOx concentration is of vital importance to the agencies 
and countries that would like to control this pollutant. [42-44] 
Apart from the chemiluminescence, which is the “gold standard” for NOx 
detection, NOx could be detected through many other techniques such as 
electrochemistry, UV-absorbance, metal oxide sensors and so on.[45-50] In all 
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these techniques, generally, only one of the analytes (NO or NO2) is being 
analyzed, and the other analyte could be converted through chemical reactions to 
the analyte being sensed. The concentration of NO and NO2 could be obtained 
simultaneously or alternatively depending on the number of detecting channels, 
and the concentration of the NOx is merely the sum of these two analytes.  
The widely accepted method is chemilunescence that is able to detect NO 
directly and convert NO2 to NO with a reducing catalytic convertor.[51] Two 
reactions have been utilized for the chemiluminescence detection. The first one is 
based on the chemical reaction of NO and ozone. 
         
                                                               (1) 
   
                                   (2) 
Nitric oxide reacts with ozone and produces the excited state NO2*, which 
then relaxes to the ground state by emitting a photon. This reaction has been 
investigated intensively in the 60s. As described by Fontijin et al. in 1970,[52] 
this reaction is rather selective if the light filter and second reactant were chosen 
suitably. The wavelength of the light that the NO/O3 reaction generates is greater 
than 600 nm while sulfur compounds and ethylene emit light at much lower 
wavelength than that when react with ozone. This allows a good selectivity by 
simply employing a light filter removing undesirable signals. The intensity of the 
light correlates linearly with the concentration of the nitric oxide from low ppbV 
range to middle ppmV range. There are several commercialized nitric oxide 
analyzers based on this principle. They claim a detection limit of 0.5 ppbV with a 
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response time of less than 1 s.[26] However, the instruments based on this kind of 
techniques are normally large in size and very costly. This technique intrinsically 
needs to generate toxic gas ozone, require high voltage and cooled red-sensitive 
photomultiplier tube. 
Another approach for chemiluminescence detection is based on the reaction of 
NO2 with alkaline luminol/H2O2 solution. The Robinson group has developed an 
instrument for detecting nitric oxide in exhaled breath.[53] Nitric oxide is 
converted to nitrogen dioxide with oxidant chromium trioxide prior to the 
detection. 99% conversion efficiency could be achieved at a humidity level of 
13%. A rotary vane pump together with a 10 slpm flow controller is used to 
regulate the flow rate of the patient’s exhaled breath. A side stream is pulled at 
200 ml/min for a complete reaction with ascarite scrubber, nafion tubing and 
chromium trioxide convertor. A significant interference from carbon dioxide is 
removed by the ascarite scrubber. NO2 impurity could also be removed from this 
step. However, this ascarite scrubber suffers from a short lifetime that the author 
suggests it should be disposable only. Nafion tubing is used to lower and stabilize 
the humidity level in the air stream. It assumes that high conversion efficiency 
from NO to NO2 is obtained through CrO3 convertor. Luminol and H2O2 solutions 
are mixed before entering the reaction module. This gas-liquid exchange module 
is made of transparent hollow fibers. The solutions flow through the interior of the 
fibers while the nitric oxide gas diffuses through the pores of the membranes 
which lead to the chemiluminescence reaction. The detection limit is reported to 
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be 0.3 ppbV and the response time is 2 s. This instrument meets very well the 
requirements for exhaled breath analysis. The application for environmental 
sample is not mentioned in this paper.   
A commercialized Nitric Oxide sensor manufactured by 2B technologies, Inc. 
is based on the chemical reaction of NO and ozone. They measure the ozone 
concentration using UV absorbance before and after reacting with nitric oxide, 
since one nitric oxide molecule react only with one ozone molecule, the difference 
of the ozone concentration before and after the reaction is the concentration of 
nitric oxide. The NOx level could also be detected when this device combines 
with a NO2 to NO convertor. This technique offers a detection range of 0-2 ppmV 
NO with an accuracy of ±1.5 ppbV. The response time is 10 s.  
3.2 A mobile environmental NOx monitor 
Here a sensor for environmental NOx analysis is developed based on the 
oxidation of nitric oxide to nitrogen dioxide followed by a colorimetric reaction 
with o-phenylenediamine(PDA). The color change due to this reaction is then 
detected using a miniature web cam. This reaction has several inherent advantages, 
such as fast response and high sensitivity at room temperature. A low cost, 
portable prototype has been built in the lab based on this principle. The limit of 
detection for this device is 0.5 ppbV with a response time of 60 s. The detection 
range is 0.5 to 200 ppbV NOx. Interferences have been tested. Only ozone shows 
similar response as nitrogen dioxide. So this device can also used as an ozone 
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sensor. When it is used just as a NOx sensor, an ozone scrubber is connected to 
filter out ozone.  
3.2.1 Experimental setup 
Device. The schematic of the device is shown in Figure 3.1(A). When the sensor 
is in sampling mode, the ambient air stream is pulled into the system by a 
miniature air pump (T3EP-1ST-08-1SNB, Parker Hannifin), with a flow rate of 1 
L/min. After a complete reaction with the ozone scrubber and oxidizing filter, the 
air stream now contains nitrogen dioxide as the only one reactant. Since one 
molecule of nitric oxide is converted to one molecule of nitrogen dioxide, after 
the oxidizing process, the total concentration of determined nitrogen dioxide 
should equal to the concentration of NOx. When the sensor is in zeroing mode, the 
air stream is passing through the zeroing filter. A two-way valve is used for 
switching between the sampling channel and the zeroing channel. In the sensing 
chamber, the gas stream passes through two regions on the sensing element. One 
is selected as sampling region where the sensing element is impregnated with the 
color producing reactant while the other is used as a reference region where there 
is no reactant on the sensing element. The light source is a white LED with a 
constant current source to provide extra stability. In the sampling region, nitrogen 
dioxide reacts with the sensing element and produces a yellowish color. The 
image of the two areas is captured with the webcam (Logitech) and the intensity 
of the light change is deconvoluted into three color components: red, green and 
blue using a lab made Matlab program. For this specific reaction, the blue 
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component offers the best signal to noise ratio (Figure 3.2(A)). So the blue 
component is chosen to be monitored signal. In the reference region, since no 
reaction is occurring, the signal should stay constant. The absorbance of the blue 
channel is calculated using            
            
             
 . The advantage to have the 
reference region and calculate the absorbance is that it corrects for the drift from 
the light source or any environmental noise happening at both of the channels.  
The layout of the prototype is shown in Figure 3.1(B). The sensing chamber is 
in cylindrical shape with an inner diameter of 10 mm and length of 18 mm. The 
detector lens is 9 mm away from the sensing element to further reduce the noise. 
The LED is 6 mm on top of the sensing element. The sensing and reference area 
for the light intensity detection are 3 mm in diameter.  
Purafil convertor. The conversion of nitric oxide to nitrogen dioxide is 
accomplished by an oxidizing filter, which is packed with Purafil
®
 SP media. This 
media is a porous material made of activated alumina and other binders which 
impregnated with sodium permanganate to provide optimum gas adsorption, 
absorption and oxidation. This Purafil media could work under a wide range of 
humidity level (10 to 95% RH), which makes it suitable for environmental 
monitoring. Since this Purafil media could also absorb nitric oxide, the amount of 
Purafil needs to be optimized to have the least NO absorption. The oxidizing filter 
is then designed to have 5 mg of Purafil with a length of 1 cm and an inner 
diameter of 3 mm. The efficiency of this oxidizing filter is 80% and tested to be 
used for 600 ppmV·Hr NO.  
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Ozone Scrubber. If the device only works as a nitrogen dioxide sensor, an ozone 
scrubber is required to remove the interference from ozone. The home made 
ozone scrubber consists of a catalytic material (2B technologies. Inc) which 
converts ozone to oxygen. The scrubber is a catalyst and it is recovered with 
negligible loss, so the ozone scrubber could sustain for a long time. Since this 
catalyst could also absorb nitrogen dioxide if the amount is too large, the amount 
Figure 3.1 (A)Schematic of the device (B)NOx device Prototype 
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of the catalyst is optimized to meet two requirements: one is to remove all the 
ozone from the sample and the other is to keep the NO2 concentration constant 
before and after the ozone scrubber. 10 mg of catalyst is then packed in a 3.3 mm 
long and 3 mm inner diameter tubing for the ozone scrubber. No detectable ozone 
signal from the device is obtained after the scrubber. And the NO2 signal is 
constant with and without the scrubber.  
Zeroing Filter. Zeroing filter is used for creating a baseline for the system. It is 
built with permanganate and activated carbon. The zeroing filter will remove the 
NO2, O3 and humidity from the system. After connected this filter, the sensor 
shows no response. Thus, it provides a baseline for the system calibration.  
Preparation of the sensing element. The sensing element (SE) is the place 
where the reaction takes place. It is made by modifying cellulose membranes with 
a pore size of 16 μm (#43, ashless filter paper, whatman). The membrane is cut 
into 1 cm diameter and then dipped into 0.5 ml 2.5 mg/ml aqueous alumina 
solution (alumina size is 0.05 μm, Mark V laboratory). The SE is shaken for 1 
hour followed by vacuum drying. The alumina coated membrane is later dipped 
into 100 mM PDA solution in acetonitrile (99.8%, Signa-Aldrich) and shaked for 
1 hour. After the vacuum drying for half an hour, the SE is ready to use.  
Standard gas sample. All the gases are purchased with high purity. Nitrogen 
dioxide (50 ppmV in nitrogen) and nitric oxide (50 ppmV in nitrogen) are from 
Praxair Inc. All standard gases are prepared by dilution in humidified air (Ultra 
zero, Air Liquide) in Tedlar bags (Custom Sensor Solutions Inc.) 
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Detector. In optical devices, photodiode, webcam and photomultiplier tube can 
be utilized as detectors. As mentioned in the first chapter, photodiodes are easy to 
use, low cost and suitable for miniature device. Photomultiplier is generally 
considered as high gain, low noise, high frequency response and large collection 
area. It normally provides better detection limit than photodiode but with much 
higher cost. In this application, webcam is first used since it is easy to debug and 
provide more information of the image. The red, green and blue channel could be 
read and compared from the webcam. Potentially, the three channels shows 
different patterns for different chemical compounds. This capability could further 
improve the selectivity of the device.  
3.2.2  Result and Discussion  
Figure 3.2 (A) shows the sensor response for 50 ppbV NO2 standard at all red, 
green and blue channels. The system is first purged with clean humidified air for 
30 s followed by a 70 s NO2 injection. At the end of the experiment, the system is 
purged with 30 s humidified air again to check if the system is working properly. 
It is clear that the blue channel gives the best signal to noise ratio. A noise level of 
3 × 10
-5
 is obtained by taking the standard deviation for the purging period. This 
low noise level allows a high sensitivity and short response time. The detection 
limit is 0.5 ppbV for a 60 s injection. A calibration curve of the absorbance for 
blue channel and the NO concentration is also shown in Figure 3.2 (B). The 
sensor is calibrated with standard gas in the range of 0 to 200 ppbV. The response 
is linear with a slope of (7.9 ±0.2)
 
×10
-4
 (2.6%) a.u./s.  
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Different interferences are shown in Table 2. The selectivity is defined as the 
ratio of the signals for NOx and the interfering compound at the same 
concentration. Interferences such as acetone, ethanol, carbon oxide, carbon 
dioxide, ammonia, hydrogen sulfide, sulfur dioxide and ozone are tested. Most of 
the compounds show no response. Ozone is so far the only compound showing 
Figure 3.2 (A) The red, green and blue components of the sensor response for 50 
ppbV NO2 (B) The blue component of the sensor response from 0 to 200 ppbV 
NO 
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strong interference with almost one to one ratio response as nitrogen dioxide. That 
is the reason this device could also serves as an ozone sensor. 
Table 2 Interference Test for NO2 
Compound  Selectivity  
SO2
 
 6.1 X 10
4
 
CO  3.1 X 10
5
 
CO2
 
 1.5 X 10
7
 
NH3 1.3 X 10
4
 
H2S  1.7 X 10
4
 
Acetone  4.5 X 10
4
 
Ethanol  5.6 X 10
4 
Ozone 1 
 
The reproducibility and lifetime are tested. One sensing element is exposed to 
a constant 100 ppbV NO2 flow for 2900 s. If taking the absorbance changes every 
100 s, the standard deviation is 6.4%. The other sensing element is passed through 
100 ppbV NO2 flow for 100 s followed by a 30 s humidified air purging. Repeat 
this process for 29 times, so effectively the sensing element is also exposed to 100 
ppbV NO2 for 2900 s. The lifetime for the sensing element is around 100 
ppbV×2900 s=80 ppbV·Hr. It means with 50 ppbV NO2 exposure, the sensor 
could last for one and half hour. It is noticeable that the lifetime of the sensing 
element is not quite long. Comparing the absorbance changes for 29 times NO2 
exposure, it shows the standard deviation is 9.4% which is comparable with the 
continuous injection. The air purging in between the NO2 does not affect the 
sensitivity. So potentially, the lifetime of the sensor can be extended by pulsing 
the injection of environmental sample. It means instead of exposing the sensing 
element to the environment continuously, the two channels are switched between  
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sampling and zeroing. In many circumstances, continuous measurement may not 
be necessary. This might be an alternative for solving the lifetime problem. At the 
same time, a zeroing period also helps to check if the device is still working 
properly. The same concept is used intensely in the following devices.     
 
 
 
 
Figure 3.3 (A)The sensor response when exposed to 100 s of 100 ppbV NO2 and 
then 30 s of humidified air and repeat for 29 times (B) The sensor response when 
exposed to 100 ppbV NO2 constantly for 2900 s 
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For a real environmental detection, the NOx concentration distribution is 
heterogeneous, ranging from few ppbV to several hundred ppbV within small 
areas. It depends a lot on the local traffic, the building location, the wind direction 
and so on and so forth. Sometimes, the change could be extremely fast. So in 
order to know the accuracy of the measurement, it is important to understand how 
the system responses for this rapid change. An experiment is conducted in a way 
that the system is exposed to a fast change for NO2 concentration(Figure 3.4). The 
sensor is exposed to 0 ppbV NO2 for 100s, later 50 ppbV NO2 for 100s, and up to 
250 ppbV NO2. The stepwise change for nitrogen dioxide concentration is 
provided by a gas dilutor whose response time is around 10 s. Giving this 
condition, the sensor provides a steady signal after 50 s of exposure. 
3.2.3 Field test 
Tempe field testing. A field test is performed in Tempe, Arizona on Dec.15, 
2009. The test in done in a moving vehicle with the window open and the sensor 
inlet is located close to the window. The driving routing starts with the school 
Figure 3.4 Sensor response for an increasing NO2 concentration 
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area (Arizona State University) and then to a nature park (Papago Park) and 
continues to the highway (Highway 202). It covers busy traffic region where more 
pollutants are presented and also the park area where the air is clean. In Figure 
3.5(A), it shows the original data for absorbance change. Since the sensor shows 
linear response to NO2 and the measurement is taken continuously, the nitrogen 
dioxide concentration can be calculated by taking the derivative of the absorbance 
and then apply a conversion coefficient which could be obtained from previous 
lab experiment. The result is shown in the red curve in Figure 3.5 (A). In Figure 
3.5 (B), the NO2 concentration at certain spots is marked on the map. It could be 
seen that the NO2 concentration near or on the highway is around 45 ppbV which 
is higher than the nature park and the school region. According to the hourly 
averaged value for nitrogen dioxide from Maricopa County Mobile Monitoring 
Systems, the average NO2 concentration was around 40 ppbV at the time the 
measurement is taken. These two results matches quite well.  
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Figure 3.5 A) The black line is the raw absorbance change of the sensor and the 
red curve is the calculated NO2 concentration. (B)The number in the blue balloon 
is the NO2 concentration at that spot on the map.    
 
 Los Angeles test. The previous field test in Tempe shows the device is giving a 
reasonable result and has certain correlation with the published data. However, 
more valid comparison of this device with the commercially available 
environmental NOx monitor is needed.  In Dec. 18
th
 to 20
th
, 2009, a field test was 
performed in Los Angeles with the help of our collaborators in University of 
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Southern California. The USC team has a mobile vehicle platform with several 
high sensitivity equipments that could measure simultaneously different air 
pollutants such as NOx, carbon monoxide, particulates and etc (Figure 1.1). NOx 
concentration is measured by Teledyne-API Model 200E. This instrument is 
based on chemiluminescence detection which offers a detection limit of 0.4 ppbV 
with a 20 s response time. The detection range is up to 20 ppmV NOx which is 
suitable for environmental purposes. The tests are done on two separate days. On 
the first day only the concentration of nitrogen dioxide was measured. The 
Teledayne instrument was testing the environmental sample from a main pipe in 
the vehicle where a powerful air pump was pumping the air in from the outside. 
The inlet of the device was placed towards the window of the vehicle. Since the 
vehicle was moving fast, the sample collected in both of the device could be 
considered to be the same. On the second day the concentration for NOx is 
measured. Since our sensor had a short lifetime, two sensing elements were used 
on both days. From Figure 3.6 (A) and (C), it is clear that our sensor and the USC 
sensor follow the same trend but our device is not sensitivity to fast oscillation in 
the concentration. The reason could be that our device has a relatively long 
response time which results in a delay in response. From the mapping of the 
concentration, it is also shown that the change of our device is slower than the 
Teledayne instrument, but the overall performance is acceptable. Further 
optimizations are needed.  
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Figure 3.6 Plot (A) and(C) show the result on Dec. 18
th
, 2009. Plot (A) shows the 
sensor response for both ASU sensor and the Teledyne sensor. Plot (C) is the 
mapping of the NO2 concentration. Number in Red is the result for ASU sensor, 
and number in black is the result for Teledyne sensor. Plot (B) and (D) show the 
result on Dec. 20
th
, 2009. Plot (B) shows the sensor response for both ASU sensor 
and the Teledyne sensor. Plot (D) is the mapping of the NOx concentration. 
Number in Red is the result for ASU sensor, and number in black is the result for 
Teledyne sensor. 
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3.3 Conclusion 
A mobile NOx device based on colorimetric detection is presented. This color 
change detection is due to the reaction of nitrogen dioxide and PDA. Nitric oxide 
is detected by using an oxidizing filter to be converted to nitrogen dioxide. This 
device could also be used as an ozone sensor since ozone reacts similarly with 
PDA as nitrogen dioxide. The detection limit of nitrogen dioxide is 0.5 ppbV for a 
60 s injection. The lifetime of the sensor is 80 ppbV∙Hr which is relatively short 
for an environmental sensor. This issue is addressed in the following chapters. 
Field tests are done both in Tempe and Los Angeles (LA)  to demonstrate the 
functionality of the device. A reference instrument is used in the LA test. The 
mobile device shows good correlation with the references. However, further 
improvement is needed for better performance.   
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CHAPTER 4                                                                                                      
NOX MONITORING-COLORIMETRIC METHOD COMBINED WITH 
MICROFLUIDIC CHANNEL 
4.1 Introduction 
As mentioned in the earlier chapter, it is very important to monitor NOx with 
high spatial and temporal resolution at personal level and in microenvironment. In 
chapter 3, colorimetric method is introduced for NOx monitoring. Colorimetric 
method detects an analyte based on a color change induced by a specific reaction 
of the analyte with a sensing material. The method is widely used for its 
simplicity, high sensitivity, and selectivity. The specific reaction is responsible for 
the high specificity and selectivity, but it also leads to slow recovery and 
irreversibility, making it difficult for continuous monitoring of toxic chemicals in 
air over a long time. For these reasons, colorimetric method is often for one-time 
use only. 
Here a colorimetric detection method is presented that can sensitively, 
continuously, and selectively monitor toxic chemicals. It combines the concept of 
colorimetric sensor with microfluidic and CMOS imaging (e.g. webcam) 
techniques (Figure 4.1). The sample air flows through a microchannel coated with 
a sensing material specific for a target analyte, and the reaction of the analyte with 
the sensing material leads to a change in color along the microfluidic channel 
from the inlet to the outlet, which is monitored in real time with the CMOS 
imager. The color in the region near the inlet changes first because this region 
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reacts with and consumes most of the analytes. Consequently, a color gradient, 
reflecting the concentration gradient of the reaction products, develops near the 
inlet. As the reaction consumes the sensing material near the inlet, the color 
gradient moves along the channel towards the outlet, and a change of the color 
gradient over time recorded with the CMOS provides a real time and continuous 
monitoring of the analyte. An image processing routine follows the color gradient 
along the channel and determines the analyte concentration. Furthermore, due to 
the presence of “downstream” fresh sensing material, the approach facilitates 
continuous detection without losing sensitivity, and maximizes the dynamic range 
of the detection. Theoretical simulation and analytical experiments are carried out 
to validate the new detection approach, and tested real environmental samples to 
demonstrate its usability.  
 
Figure 4.1 Schematics of the experimental setup and the sensing channel. 
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4.2 Experiment and simulation methods 
4.2.1 Microfluidic channel and flow system 
The microfluidic channel with a dimension of 150 µm (depth) × 1 mm (width) 
× 7 mm (length) is fabricated on an acrylic substrate (U.S. Plastic Corp.) using 
CNC machine. The acrylic channel is uniformly coated with silica gel solution 
(Whatman Ltd., P/N:4410221). The silica gel solution is prepared in an aqueous 
solution (silica gel: water =1:7) of a NO2 sensing material (see below). After 
coating, the silica gel channel is dried in vacuum for half an hour at room 
temperature. The silica gel is chosen because of its porous structure, which 
provides high loading capacity of the sensing element and excellent sensitivity for 
monitoring environmental NO2. 
4.2.2 Sensing material for NO2 
The sensing material, o-phenylenediamine (PDA), is the same as the one used 
in chapter 3. The reaction is irreversible and has an intrinsic fast kinetics with a 
colored phenazine derivative as product, which allows NO2 detection and 
quantification. However, ozone, a strong oxidant, appears to interfere with the 
detection. Thus, this sensor could also be used as an ozone sensor. When the 
sensor is used as NOx sensor, the same ozone scrubber filter is used to remove 
ozone. Humidity, also an interference, is removed by a nafion tubing(Perma Pure, 
LLC). In order to measure total NOx (NO + NO2), an additional homemade filter 
with sodium permanganate particles (Purafil
TM
) packed in a glass tube is used to 
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oxidize NO to NO2 and enable the NO detection concurrently with NO2. 
4.2.3 Optical detection 
A device based on the microfluidic and colorimetric concept is fabricated 
(Figure 4.1). A white LED (LEDtrnics. Inc.) connected to a constant current 
source is used as light source to illuminate the microfluidic channel. A CMOS 
detector (Logitech, Inc.) is used to record videos of the channel area with a frame 
rate of 5 frames per second (fps). Nineteen regions along the channel are chosen 
for detailed analysis of reaction kinetics. A reference region outside the channel is 
selected for calculating the absorbance using a Matlab program. The Matlab 
program deconvolutes the color information, and calculates the average intensity 
values (I) of red (R), green (G), and blue (B) components for each of the 20 
regions (19 sampling regions inside the channel and 1 reference region outside the 
channel), and then determines the absorbance change for each sampling region 
inside the channel using the following equation:  
 constant  -))(/)(-log(=A(t) tItI referencesampling                                            (1) 
where Isampling and Ireference are R or G or B intensity values, and “constant” is the 
initial absorbance value before the analyte is brought into the channel. The 
absorbance change is used to determine the analyte concentration using 
procedures described in later sections. The reference region allows not only to 
calculate the absorbance changes, but also to correct drifts from the light source. 
UV-visible spectrum previously showed that the reaction product between PDA 
and NO2, produces the largest change in the blue component due to a maximum 
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absorbance at 380-390 nm[54]. For this reason, the absorbance changes are 
calculated from the blue component of the CMOS imager. 
4.2.4 Sample collection and measurement 
For lab-based testing, air samples with different NO2 concentrations are 
prepared in Tedlar bags. To obtain samples with different NO2 concentrations, 
varying amounts of 50 ppmV standard NO2 gas purchased from Praxair, Inc. are 
injected into and diluted in 4 L clean Tedlar bags.  For testing real samples, the 
gas samples are first collected into Tedlar bags using a pump with a homemade 
particle filter (polyester fibers) at the inlet, and then taken back to the lab for 
measurement. A miniature pump (Schwarzer Precision, Co) with a fixed flow rate 
of 40 ml∙min-1 is used to introduce the air sample into the microchannel. All the 
gas samples are handled with caution. 
4.2.5 Simulation method 
To numerically simulate the chemical reaction kinetics and mass transport of 
the analytes along the fluidic channel[55], the channel is divided into two 
domains, shown by the cross sectional view of the channel in Figure 4.1. The 
upper domain (domain 1) is the space between the top of silica gel layer and the 
ceiling of the channel, in which sampled air containing the analyte flows, and the 
lower domain (domain 2) is the silica gel layer containing the sensing material, 
PDA. The velocity field (linear velocity distribution) of the gas sample along the 
channel is first calculated by solving momentum transport equations for each 
domain with appropriate boundary conditions[56]. In the calculation of the 
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velocity field, the reaction of the analyte is neglected in domain 2. This 
approximation is reasonable as long as the analyte concentration is low compared 
to the concentration of other air components (typically ~ 20% oxygen and 80% 
nitrogen), so that the reaction in domain 2 does not change the distribution of the 
velocity field. 
When the velocity field of the analyte is simulated, it is decoupled from the 
diffusion, convection and reaction of the system in the simulation. In domain 1, it 
is assumed that the air samples are incompressible Newtonian fluids. This is a 
valid assumption because the flow velocity is much smaller than the velocity of 
sound in air[57]. The incompressible Navier-Stokes equation used in this domain 
is written as 
)])(([)()/( TuupIuutu      (2) 
where u is the flow velocity, p is the pressure, ρ is the density (1 kg∙m-3) and η is 
the dynamic viscosity (1.78 × 10
-5 Pa∙s)[58] at 300 K.  
Domain 2, where the silica gel is present, is modeled as a porous medium, in 
which Brinkman equation applies[59]. Note that the equation is an extension from 
Darcy's law, and given by 
)}])(3/2)(({/1[)/( IuuupIu Tp     (3) 
where εp is the porosity of silica gel (0.76) and κ is the permeability (1 × 10
-2 
m
2
). 
The porosity is calculated from the channel preparation process and permeability 
is an estimate from the experiment.  
The boundary conditions are defined as follows: 
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Inlet: U0 = 1.5 m∙s
-1
, which is normal inflow velocity. 
Outlet: p0 = 0 kPa, which means no viscous stress at the end of the channel.  
Interface between domains 1 and 2: continuity conditions. 
All the other boundaries: velocity u equals to 0.  
Upon solving the equations (2) and (3), the velocity of the gas sample is 
simulated using Comsol 4.0. 
After determining the velocity field, the information is used to solve the 
reaction of the analyte in domain 2. The reaction can be denoted as: 
)()()( spsngc  , where c is the analyte concentration, n is the density of 
binding sites available for the reaction and p is the product concentration 
generated by the reaction. 
In domain 1, only the analyte is present, and no reaction takes place. The 
concentration distribution of the analyte in domain 1 is described by the following 
convection-diffusion equation: 
cDcVtc 2/         (4) 
where V is the velocity of the air sample in domain 1, which is pre-determined in 
the first step,  D is the diffusion coefficient of the analyte in domain 1[60], which 
is equal to 1.3×10
-5 
m
2∙s-1.[61]  
In domain 2, the reaction takes place, which changes the concentrations of the 
analyte (c), binding sites (n), and reaction product (p), and an additional term 
representing the reaction is included in the convection-diffusion equation. In 
addition, a rate equation relating the change of the binding sites and the analyte 
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concentration is also considered. The equations describing these processes are as 
follows: 
kcncDcVtc  2/       (5) 
kcntn  /         (6) 
where k is the reaction rate coefficient equal to 2 m
3∙mol-1∙s-1, and D is the 
diffusion coefficient in domain 2 (equal to D in domain 1). Since diffusion is 
relatively small compared to convection, diffusion has small effect on sensing. 
The k is obtained by comparison of simulation and experimental results obtained 
with a sensing surface with no mass transport limitations. 
The boundary conditions are defined as follows:  
Inlet: c(t) = f(t), which is determined by the analyte concentration of the air 
sample, a quantity to be measured. 
Outlet: c=0, which means the convective flux is the dominant component at 
the outlet. 
Interface between domains 1 and 2: continuity boundary condition is assumed.  
All the other boundaries: cVcD  , the inward flux, is set to zero, which is 
valid as long as the system is closed (sealed) at these boundaries.  
Solving equations (4)-(6), together with the boundary conditions defined 
above, allows to determine c(x,t) and n(x,t) along the channel using Comsol 4.0. 
The color change is proportional to p(x,t), the reaction product distribution, which 
is directly related to n(x,t) by p(x,t) = n0 - n(x,t), where n0 is the initial reaction 
sites concentration. In other words, the depletion of the reaction sites equals the 
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generation of the reaction product. 
   4.3 Results and discussion 
4.3.1 Simulation 
The basic principle of the combined microfluidic and colorimetric detection is 
described in the introduction. To fully evaluate the principle, theoretical 
simulation is carried out by solving the transport and reaction rate equations with 
proper initial and boundary conditions using the method described above. From 
the simulation, direct observation of the color progression can be obtained. Figure 
4.2 shows the simulation results of the sensor when exposed to clean air for 5 
minutes, followed by exposure to 1 ppmV NO2 for 0.5, 1.0 and 1.5 hours, 
respectively, and to clean air again for 5 minutes. The concentration profile of 
unreacted binding sites along the channel and its evolution with time is shown in 
Figure 4.2A. It is noted that due to symmetry with respect to the x-axis, only a 
half of the width was simulated. At t=0.5 hr, a small portion of the channel near 
the inlet begins to react, but the region near the outlet remains unreacted (same 
color). At t=1.0 hr, more color changes can be seen along the channel even in the 
region close to outlet. At t=1.5 hr, the binding sites near the inlet are closer to full 
depletion (saturation), but the remaining portion, especially regions near the outlet 
remain unsaturated. 
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Figure 4.2 A) Concentration profile of unreacted binding sites along the channel 
when exposed to clean air for 5 minutes, followed by exposure of 1ppmV NO2 for 
0.5, 1 and 1.5 hours, respectively, and clean air for 5 additional minutes. The 
concentration profile also represents the color progression or optical absorbance 
along the channel. B) The absorbance changes over time for different regions of 
the channel (represented in different colors). C) After applying equation (9), each 
region provides the concentration profile at different amplitudes. Different colors 
represent different regions. 
 
The color changes shown in Figure 4.2(A) reflect the concentration changes of 
the binding sites along the channel, which is proportional to the absorbance 
change. So the relative absorbance change can be obtained, which can be 
experimentally measured using the following equation: 
00max /))((/ ntnnAA            (7) 
where the denominator n0 is proportional to the maximum absorbance change (no 
= pmax, no α ΔAmax) and taken into account for normalization of optical path length 
and extinction coefficient of p. Figure 4.2(B) plots the relative absorbance change 
vs. time at different locations along the channel (represented by solid lines with 
different colors). The plot shows a linear response to NO2 with time. It also shows 
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that the relative absorbance changes the most at the inlet (largest slope), and least 
at the outlet (smallest slope).  
A more direct way to relate the color pattern to the analyte concentration in air 
is to re-express equation (6) as  
dt
dp
pnkdt
dn
kn
txc
)(
11
),(
0 
       (8) 
where p = n0 - n, is used to express n in terms of p. Since the absorbance change, 
A, is proportional to p, and equation (8) becomes 
dt
Ad
AAkdt
dn
kn
txc



)(
11
),(
max
,      (9) 
where ΔAmax is the maximum absorbance. At the inlet, c|inlet = f(t), the analyte 
concentration in air sample, so that 
dt
Ad
AAk

 )(
1
max
|inlet measures the analyte 
concentration. Numerical simulation also shows that the time profile of 
dt
Ad
AAk

 )(
1
max
 at any location along the channel is proportional to the 
analyte concentration (Figure 4.2(C)). The simulation confirms that one can 
determine the analyte concentration by employing a microfluidic channel and a 
CMOS imager. The imager monitors the color change along the entire channel so 
that one can focus on the regions with unreacted sites, thus avoiding saturation 
problem in the conventional colorimetric sensors without sacrificing sensitivity. 
This approach maximizes dynamic range and lifetime, and allows for continuous 
monitoring of reactive analytes. 
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4.3.2 Experimental validation 
In addition to theoretical simulation, systematic experiments have been carried 
out to further validate the microfluidic-colorimetric detection principle. As 
described in the experimental section, the sensor chip consists of a microfluidic 
channel with its bottom surface coated with a layer of PDA-modified silica gel. 
The inlet of the microfluidic channel is connected to an air sample containing 
different concentrations of NO2 via a tubing. The microfluidic channel is exposed 
to NO2 with concentrations varying between 0 to 1 ppmV to cover the need of 
environmental monitoring. 
 
Figure 4.3 Calibration of the sensor response to NO2. The linear fitting of the data 
gives a sensitivity of (3.27  ± 0.08 ) × 10
-5
 (2.44%).  The inset is the calibration 
curve in log scale. 
 
Figure 4.3 plots the absorbance change determined with equation (1) vs. 
analyte concentration, showing a linear response to NO2 over a wide dynamic 
range. These data are taken on the same microfluidic channel by applying 
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equation (9) over the entire channel. The noise level of the absorbance is 10
-4
 over 
a period of ~30 minites, which determines a sensitivity of 50 ppbV∙min, and 
allows detection of 10 ppbV NO2 in 5 minutes of sampling. This detection limit 
meets the needs of most environmental monitoring and industry safety 
applications. The lifetime of the sensor is determined by the reaction capacity, 
which was calculated to be 1.8 ppmV∙Hr by integrating the analyte concentration 
over time until color saturation. This indicates the sensor can last for 18 hours for 
a continuous exposure to 100 ppbV of NO2. This lifetime is long enough to 
monitor a person's exposure continually for a working day. 
To further validate the microfluidic-colorimetric detection, it has been 
measured the color pattern along the channel, and its time evolution upon 
exposure to a range of concentrations of NO2. As shown in the inset of Figure 
4.4(A), the concentration steps up from zero to 100 ppbV, 500 ppbV, and 1000 
ppbV sequentially, and then steps down to 500 ppbV, 100 ppbV, and zero. At 
each step, the concentration is held constant for 5 minutes.  This process is 
repeated three times. Figure 4.4(A) shows the absorbance change vs. time at 
multiple locations along the channel (solid lines with different colors), where the 
three large steps correspond to the three sample injection cycles. It also shows that 
although the inlet shows the largest absorbance change, other regions along the 
channel also displays a similar absorbance change pattern. Figure 4.4(C) plots the 
absorbance variation along the channel at different times, showing more clearly 
different reaction rates along the entire channel. Note the curves in Figure 4.4(C)  
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are obtained with equal time interval, but they are not equally spaced. In fact, they 
can be divided into three groups based on the spacing (see arrows in Figure 
Figure 4.4 Measured A) and simulated B) absorbance changes vs. time at different 
regions along the channel. Different colors represent different regions. The inset in 
A) is the injected NO2 concentration profile. For each concentration, the injecting 
time is 5 minutes. Measured C) and simulated D) absorbance changes along the 
channel at different times. Different colors represent different times. Measured E) 
and simulated F) concentration profiles 
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4.4(C)). The large spacing corresponds to the fastest change in the absorbance, 
which is due to a sample injection cycle. 
Although both Figures 4.4 (A) and (C) contain analyte concentration 
information, the best way to extract the analyte concentration of the sample is to 
plot 
dt
Ad
AAk

 )(
1
max
 over the channel. Figure 4.4 (E) shows such plot, which 
reproduces the analyte concentration variations. Theoretical simulations of the 
processes are carried out using the same inlet concentration profile as the 
experiments and estimated binding sites concentration (n0 = 250 mol∙m
-3
). Figures 
4.4(B), (D) and (F) show the corresponding simulation results. The absorbance 
change and the concentration profile are obtained using equations (7) and (9). The 
amplitudes of the simulation data are adjusted by multiplying a constant. The 
simulated results are in excellent agreement with the experimental data. 
 
4.3.3 Field tests 
Field tests are performed by sampling air at several locations, including 
Figure 4.5 A) Absorbance change of the sensor when exposed to different gas 
samples. B) NOx level of different sources.   
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apartment, car exhaust, a busy road, and laboratory, where NOx concentrations 
vary over orders of magnitude (Figure 4.5). Clean air was first introduced to 
establish baseline and the gas sample is then connected to the system (Figure 
4.5(A)). The NOx concentration is calculated from equation (9). The NOx level of 
the apartment was found to be lower than 10 ppbV, suggesting the indoor air had 
no significant NOx. In contrast, the NOx level in the laboratory was found to be 
~100 ppbV. The traffic air sampled at a busy road in Tempe, AZ, during rush 
hour showed a high level of NOx, ~200 ppbV. The air sampled directly from the 
car exhaust had an extremely high NOx level of 1 ppmV. These field tests were 
preliminary and not meant for a thorough study of air quality, but it demonstrates 
that the microfluidic-colorimentric detection can provide continuous monitoring 
of air quality of microenvironments. The miniaturized size, and the unprecedented 
temporal and spatial resolution are expected to provide epidemiologists and 
environmental scientists a new tool to monitor personal air pollution exposures 
levels and to study sources and transport mechanism of air pollutants. 
 4.4 Conclusion 
A microfluidic-colorimetric approach was developed to overcome the 
longstanding difficulties, including irreversibility, slow recovery, and limited 
lifetime that are inherent to the conventional colorimetric sensors. These 
difficulties prevent the use of the colorimetric sensor for fast and continuous 
monitoring of air pollution.  To establish the microfluidic-colorimetric approach, 
theoretical simulations and analytical experiments are carried out and compared 
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with each other. The results show that the approach can prolong the sensor's 
lifetime without sacrificing its sensitivity. In the case of NOx detection, the sensor 
can continuously monitor air quality over 18 hours with a detection limit of 50 
ppbV∙min. The detection principle can be extended to the detection of other 
analytes. Preliminary field tests have also been carried out to demonstrate the 
sensor’s capability of monitoring NOx level in a variety of real environments. The 
small dimension of the sensor and low power consumption promise a 
miniaturized sensor for monitoring personal exposure to microenvironment, and 
for mapping local air pollution for environmental protection and studies. 
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CHAPTER 5                                                                                             
CARBON MONOXIDE MONITERING 
5.1 Introduction 
Carbon monoxide (CO) is an odorless, colorless, tasteless gas which makes it 
hard for people to be alarmed even when they are getting poisoned by the gas. 
Carbon monoxide is produced by partial oxidation of carbon-containing 
compounds where not enough oxygen is presented to form carbon dioxide[62]. In 
nature, the largest source of carbon monoxide is from photochemical 
reactions[63]. However, the lifetime of carbon monoxide in atmosphere is short. It 
would soon be oxidized to carbon dioxide. The most dangerous situation is carbon 
monoxide in a closed environment where the concentration could easily rise to 
lethal levels. In the old days when gas stoves are widely used, the concentration of 
carbon monoxide could often goes up to 5 to 15 ppmV. Nowadays, it is reported 
about 170 people in the United States die every year from CO produced by non-
automotive consumer products such as furnaces, ranges, portable generators and 
so on[64]. 
The health effects of CO vary from the length of exposure as well as the 
individuals' health condition. When exposed to CO, hemoglobin in the blood 
would combine with CO to produce carboxyhemoglobin (COHb) which would 
inhibit oxygen intake. It only takes 667 ppmV CO to convert 50% of the body's 
hemoglobin to carboxyhemoglobin. This level of carboxyhemoglobin may result 
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in seizure, coma and fatality. The following table shows the effects of varying 
levels of carbon monoxide[65].  
There are different kinds of CO monitors commercially available ranging 
from relatively high cost infrared radiation absorption and electrochemical 
instruments to inexpensive colorimetric tubes [66-68]. The most popular CO 
monitors are based on electrochemical diffusion.  
Table 3 The effects of varying levels of carbon monoxide 
 
CO level Effects 
PPM in 
Air 
% COHb in 
Blood 
1-3 0.8-0.7 Normal 
25  Time Weighted Average Exposure Value (8 
hrs.) 
Source: Control of Exposure to Biological 
or Chemical Agents Regulation (O. Reg. 833) 
30-60 5-10 Exercise tolerance reduced; heavy smoker 
has these 
levels or higher. Ten percent COHb is 
maximum 
allowable body burden 
60-150 10-20 Frontal headache. Shortness of breath on 
exertion 
150-300 20-30 Throbbing headache, dizziness, nausea, 
manual 
dexterity impaired 
300-650 30-50 Severe headache, nausea and vomiting, 
confusion 
and collapse 
700-1000 50-65 Coma, convulsions 
1000-2000 65-70 Heart and lung function impaired, fatal if 
not treated 
Over 2000 Over 70 Unconsciousness and death 
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A typical electrochemical sensor normally consists of a gas permeable 
membrane, a scrubber filter and an electrochemical cell[69]. The gas permeable 
membrane is used to protect the sensing electrode and control the amount of gas 
molecules reaching the electrode surface. An additional benefit of the gas 
permeable membrane is to filter out unwanted particulates if appropriate pore size 
is chosen. The scrubber filter is installed in front of the sensor to filter out 
interfering gases. Different filter mediums have different effectiveness. Activated 
charcoal is the most commonly used medium. It could filter out most chemicals 
except carbon monoxide and hydrogen. This property makes it an ideal candidate 
for carbon monoxide sensor. The electrochemical cell consists of a container, 2 
electrodes, connection wires and electrolyte. When carbon monoxide enters the 
cell, it is oxidized at one electrode to carbon dioxide while oxygen is consumed at 
the other electrode. The reaction shows as follows: 
Anode: CO + H2O → CO2 + 2H
+
 + 2e
-
            (1) 
Cathode: O2 + 4H
+
 + 4e
-→ 2H2O                          (2) 
When this reaction happens, it generates a current between two electrodes 
which is proportional to carbon monoxide concentration. This technology is 
considered to be highly accurate, minimal power consumption and long lifetime. 
However, it is limited by the cost of the cells and its long term stability. Moreover, 
since the manufacturers want to minimize the cost and the power consumption, 
many sensors based on this principle just use diffusion to deliver the sample. As a 
result, the response time could be long.     
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  Other techniques for carbon monoxide detection are semiconductor 
sensors[70],  colorimetric tubes[71] and so on. For the semiconductor sensor, it is 
based on monitoring the resistance change of thin wires of tin dioxide on an 
insulating ceramic base. The biggest disadvantage of this technique is the sensing 
element needs to be heated to approximately 400 °C in order to operate. The 
maintaining of the high temperature requires high power which limits the usage of 
this method. Colorimetric tubes need to be used with a hand pump. It samples 
over a time period of about two to twelve minutes with an error of plus or minus 
25%. This method requires very low maintenance, is simple to use and is not so 
costly. The detection tubes are typically $45 to $60 for a box of 10 tubes. The 
hand pump costs about $300. However, as a one-time use sensor, the tubes are 
still a little bit expensive. The size of the tubes together with the hand pump is not 
very portable.  
In the previous chapters, it has been shown the advantage of the colorimetric 
method. It offers intrinsic high sensitivity, is simple to use and very low cost. 
However, in order to ensure good sensitivity and fast response, a pump and a 
valve are usually involved in the design of the sensor. For this reason, the size of 
the device cannot be further reduced. Also, the power consumption and the cost of 
the device are limited. In order to achieve the goal of real mobile health sensor, in 
the new design of this colorimetric sensor, pumps and valves are eliminated to 
scale down the size, power and cost of the device.  
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5.2 Experimental setup 
 5.2.1The fan setup 
Due to many advantages of removing the pumps and valves, a lot of 
commercial devices also design their devices in this fashion. Their strategies 
include using just diffusion controlled chemical process or using a hand pump. 
The hand pump definitely reduces the power consumption but the cost is still high 
if the hand pump is carefully calibrated. For the diffusion controlled chemical 
process, it is vulnerable to many extrinsic factors like wind velocity or pressure 
changes. Interferences can also be an issue if no extra filter is provided. The 
sensor response is relatively slow and could be even slower if there is an extra 
filter. Here, a fan is adopted as a medium solution between diffusion and pump. 
 
The gas sample is introduced into the system through a fan (Sunon Inc., Part 
NO.: UF385-10). A white LED is used as the light source. The sensing element is 
placed on top of the LED. There is an extra benefit of doing this. When the LED 
Figure 5.1 Fan setup 
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is on, it would generate heat at the top which is measured to be around 33°C when 
the ambient is 25°C. The elevated temperature could keep the sensing element dry. 
In many cases, humidity is a big interference in colorimetric devices. If used in 
this way, the humidity interference could be removed.  
The gas sample is delivered to the fan by an external pump whose flow 
direction is perpendicular to the fan. The flow rate is around 300 ml/min. This 
flow rate is chosen is because it doesn't create a big pressure difference between 
the inlet and the outlet of the fan and at the same time it supplies sufficient gas 
sample to the fan. The pump can be eliminated in the final device by designing a 
protection shield to minimize the effect of the wind velocity at the inlet of the fan.    
The main concern of using the fan is the pressure differences. Figure 5.2 
shows the pressure difference profile versus the airflow. It is clear that the fan 
could not provide very high pressure difference. For the fan using the device, the 
highest pressure it can support is 2Pa. Also, it decreases dramatically as the flow 
increases.     
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Figure 5.2 Air pressure vs. airflow for the fan[72] 
  
 
5.2.2 Sensing material for carbon monoxide  
Some commonly used recipes are available for CO detection. In order to be 
compatible with this setup, certain restrictions have to apply. Some recipes are 
based on iodine pentoxide reduction[73]. However, this reaction requires fuming 
sulfuric acid as a catalyst which is a strong oxidant. This recipe requires very inert 
substrate and device setup. Therefore it is difficult to use in this setup. Pd-salt has 
been approved to be very efficient for CO detection[74]. Palladium chloride 
together with silicomolybdic has been tested on silica gel substrate in the fan 
setup. It shows linear response from 0 to 10 ppmV CO. This detection range is 
lower than the environmental toxic range. Another recipe using palladium sulfate 
has also been tested. It shows good response for carbon monoxide in the 
compatible range. So this recipe is chosen in the carbon monoxide device.  
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Palladium sulfate dihydrate (3.6 mg) is dissolved in 0.25 ml water. Then, 
0.027 ml concentrated sulfuric acid is added to the solution. Ammonium 
molybdate (132.2 mg) is dissolved in 1 ml water at 100 °C in the water bath until 
no visible solid can be observed. The two solutions are mixed together at 60 °C 
and kept at that temperature for 5 minutes for complete mixing. 500 mg of silica 
gel particles (Sigma Aldrich Inc. Part Number: 236845) are dissolved in 5 ml of 
water. The mixed solution is then added to the silica gel particles. Now the silica 
gel particle solution should have a color of light yellow. The whole solution is 
kept on a hot plate at 95°C with vacuum connected at the same time. The solution 
stays in that condition until the particles are fully dried. Until now, the particles 
look yellowish. Then 300 mg of these particles are packed into an acrylic well 
with a dimension of 4.5 mm × 4.5 mm × 2.2 mm. The well is sealed between two 
nylon filters. The nylon filters are chosen because it has big pore size. So it is 
much easier for carbon monoxide gas molecule to pass through. Upon reacting 
with carbon monoxide, the particle would have a color change from yellow to 
green.  
5.2.3 Optical detection 
The same Matlab program is used to acquire data from this setup. Red channel 
is tested to be the most sensitive component out of the three RGB components for 
this reaction. Figure 5.3 shows the sensor response for 10 ppmV CO and 20 
ppmV CO respectively. The sensor is exposed to clean dry air for 1 minute to 
establish a clean baseline. Then carbon monoxide is introduced to the system for 2 
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minutes and then clean dry air again to make sure the signal recovers. A mechanic 
valve is used to do the switch. From the plot, the sensor response for 20 ppmV 
CO is about twice as big as 10 ppmV CO. Also, the tests for 10 ppmV CO and 20 
ppmV CO are repeated twice. The signals are quite repeatable. This result proves 
the concept of the fan setup is working.  
 
Figure 5.3 Sensor response towards 10ppmV and 20ppmV CO 
 
5.2.4 NO2 test on the same device 
The ultimate goal for my research is to integrate different sensing elements for 
detecting different gas analytes on the same device. So some additional tests are 
done for NO2 to check if the device is compatible for NO2 detection.  
The sensing element for the NO2 test is similar as the one described in the 
previous chapters. But it is modified to provide better performance. The same 
kind of cellulose membrane is modified. It is dipped into 0.5 ml 2.5 mg/ml 
aqueous alumina solution. The sensing element is shaken for 1 hour followed by 
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vacuum drying. The alumina coated membrane is further modified by dipping into 
100 mg/ml diethyl-p-phenylenediamine (DPDA) aqueous solution. The sensing 
element is then shaken for 1 hour and vacuum dried overnight. The difference of 
this sensing element compared to the previous one is that sensing probe used here 
is DPDA instead of PDA. The reaction of DPDA and NO2 is more reversible and 
shows bigger response under the same conditions. Thus the lifetime of the sensor 
could potentially be improved.   
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Figure 5.4 (A) Sensor response for different concentration ranging from 0 ppbV 
to 1 ppmV NO2 (B) Take the derivative of the absorbance over time (C) 
calibration curve from 0 ppbV to 1 ppmV NO2 
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In the previous test, only the pump is replaced by the fan. Now, the setup is 
further simplified by replacing the valve with switching the fan on and off. When 
the fan is on, more gas analyte is introduced to the system. The sensor has an 
immediate response. When the fan is off, only the gas analyte surrounding the 
sensing element can react. In order for the gas analyte further away to react, they 
need to come closer to the sensing element by diffusion which is a much slower 
process. If the duration of the fan off is short, the sensor response during the fan 
off period could be subtracted from the on period. Figure 5.4(A) shows the sensor 
response for different concentrations ranging from 0 ppbV to 1 ppmV NO2. For 
each concentration, the fan is on for 20 s followed by an off period for 60 s. Each 
concentration is repeated three times. Figure 5.4(B) shows the derivative of the 
absorbance change over time. The data is processed using adjacent smoothing of 
50 points. Then the signal for each concentration is calculated by subtracting the 
absorbance change in the previous off time from the sampling time. The 
calibration curve has a correlation coefficient of 0.98.  
5.3 Conclusion 
In this chapter, the carbon monoxide sensor based on colorimetric method is 
shown. Palladium sulfate together with ammonium molybdate on silica gel 
substrate react with carbon monoxide and generate a color change from yellow to 
green. This setup replaces the pump with a fan to reduce the cost, size and power 
consumption. They are further reduced by replacing the valve with switching the 
fan on and off. Some tests have been done for nitrogen dioxide on the same 
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device which shows the possibility of integrating the sensing elements for these 
two gases together.  
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CHAPTER 6                                                                                   
INTEGRATED DEVICE FOR CARBON MONOXIDE AND NITROGEN 
DIOXIDE MONITORING 
6.1 Introduction 
In the previous chapter, it has been shown that the cost, size and power 
consumption of the device can be reduced by replacing the pump and valve with a 
fan. The usability of the device is demonstrated by the detection of nitrogen 
dioxide and carbon monoxide. However, so far the experimental setup is not 
really mobile. The use of the webcam limits the portability of the device. In our 
lab, two solutions have been developed for this problem. The first method is to 
take advantage of the webcam on a smart phone. The idea is to attach the sensing 
element and the light source to the phone. And the webcam on the phone takes 
images or videos of the sensing element. A program could be made on the phone 
to process the images or videos and display the result right away. This method is 
nice since nowadays smart phones have gained a lot of popularity. By using the 
webcam on the phone, it removes another component from the device and also 
utilizes the powerful processer on the smart phone to process the data. On the 
other hand, the fact this method requires a smart phone limits its usage. Normally, 
the calling and texting function of the phone cannot work at the same time as the 
measurement. Or even the measurement could be done in a background software, 
the phone is not easy to carried around for calling and texting. For long term 
measurement, the problem would be even worse. The program on each smart 
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phone may need to be customized for each operating system of the phone. The 
sensitivity may vary a lot depending on the quality of the webcam. So it may need 
calibration for each model of the phone. The second method is the method 
presented here. Photodiodes are used instead of webcams. Photodiodes are 
generally small in size (5 mm×5 mm×1 mm). The circuitry for the photodiodes is 
relatively easy. In general, photodiode is a good option for integrated device.  
6.2 Experimental setup 
Figure 6.1 shows the schematic of the integrated device. The gas sample is 
introduced to the system by the fan with a flow rate of 0.32 L/min. An external 
pump is also used to deliver the gas sample to the pump. The connection of the 
pump is the same as the carbon monoxide experimental setup. For each sensing 
element, one photodiode is used to monitor its intensity change. In this system, 
there are four photodiodes placed on top of each sensing element. One for 
nitrogen dioxide sensing element, one for carbon monoxide sensing element and 
two for the reference of these two sensors(not shown in the schematic). The 
reference region is for calculation of the absorbance and reduction of the noise 
from the LED. One white LED is used as the light source. The gas sample first 
passes over the nitrogen dioxide sensing element, then passes through a filter and 
passes over the carbon monoxide sensor. This is because the interferences for this 
two sensing elements are different(details are discussed later).  
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Figure 6.1 Schematic of the device 
 
The device has a dimension of 3 cm × 3 cm × 7 cm (battery excluded). Figure 
6.2 shows the mechanic design in Solidworks and the real device. The device 
consists mainly two parts. One is the photodiode circuit to measure the 
photodiode reading. Right now, the data from the photodiode is transmitted 
through a Bluetooth to a computer and the data analysis is done on the computer. 
This is mostly for research and development purpose. In the final device, the data 
analysis could be done on the PC board and the analyte concentrations could be 
read directly from the display. The other part is a flow cell which has four small 
chambers. Two of them are for reference regions, one for each analyte. They are 
separated from the flow line. The chamber close to the fan is to detect nitrogen 
dioxide, and further down the line is for carbon monoxide. Some spacing is left 
between the two chambers for inserting filtering material. In this system, the 
photodiode noise level is around ~10
-4
. 
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Figure 6.2 (A) Components shown separately in Solidworks (B) Device view 
shown in Solidworks (C) Integrated device prototype 
 
6.3 Result and Discussion 
6.3.1 Lab tests 
The sensor response for individual gas is tested first. Since the carbon 
monoxide sensing element has a slower response than the nitrogen dioxide 
sensing element, in order to obtain a reasonable detection limit for both sensors, 
the sampling time (fan on period) is set to be 1 minute and the reference time (fan 
off period) is also 1 minute. The sensing element is first on fan off period to 
establish a stable baseline. As soon as the fan turns on, the sensors start to show 
responses. For each sensor, three consecutive readings are taken. Both sensors 
give very reproducibly responses towards NO2 and CO.   
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Figure 6.3 (A) Nitrogen dioxide sensor response for 50ppbV NO2 in the 
integrated device (B) Carbon monoxide sensor response for 25ppmV CO in the 
integrated device 
 
Reaction rate constants have been calculated for each analyte. Assume one gas 
molecule reacts with one bonding sites on the substrate and generates one product 
molecule 
                .        (1) 
Based on our observation, the reverse reaction is negligible. Then the reaction 
rate can be defined as  
          
  
  
             (2) 
where c, n, p is the concentration of the gas analyte, binding sites and product, ka 
is the reaction rate constant. Given    as the maximum concentration of the 
binding site on the substrate, based on the assumption,        can be 
obtained. So, equation (2) can be wrote as: 
            
  
  
                                                                                    (3) 
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Define   
 
  
  then equation (3) becomes: 
           
  
  
                                                                                       (4) 
Solve equation (4) , we can get: 
                                  (5) 
Experiments have been carried out to estimate the reaction rate constant. For 
each analyte, the sensor has been constantly exposed to a fixed concentraion of 
analyte until the substrate has been saturated. In our experiments, the absorbance 
change can be used to indicate the concentration change of the bind sites. The 
absorbance can be normalized by using the maxmium absorbance value to 
calculate the  , as shown in Figure 6.4. Equation (5) is then used to fit the data. ka 
can be obtained from the fitting parameters. For nitrogen dioxide reaction, ka 
=27.1 M
-1∙s-1 and for carbon monoxide reaction, ka =0.030 M
-1∙s-1, which is 
around 1000 times smaller than the nitrogen dioxide reaction. Smaller ka indicates 
a slower reaction. This estimation explains the different behaviors of  kinitics in 
Figure 6.3. The carbon monoxide reaction has a smoother transaction when 
switched from carbon monoxide sampling to clean air purging while the nitrogen 
dioxide shows a sharp switch, which indicates the carbon monoxide reaction is 
much slower than the nitrogen dioxide reaction.   
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Figure 6.4 Relationship between normalized absorbance and time for (A) 
nitrogen dioxide and (B) carbon monoxide detection. Nitrogen dioxide sensing 
element was constantly exposed to 500 ppbV NO2 and carbon monoxide sensing 
element was exposed to 250 ppmV CO 
 
Figure 6.5(A) shows the calibration of nitrogen dioxide on the integrated 
device. It is quite linear from 0 ppbV to 500 ppbV NO2. The coefficient of 
determination r-square is 0.92. The detection limit is 20 ppbV NO2 for 1 minute 
exposure. The lifetime of this sensor is 1 ppmV∙Hr which means the sensor would 
last for 5 hours if exposed to 200 ppbV NO2. Since the sensor is exposed to NO2 
every other minute, the lifetime is extend to 2 ppmV∙Hr. For this sensor, the 
response towards ozone is almost the same as nitrogen dioxide, so it can be used 
as an ozone sensor.    
Figure 6.4(B) shows a calibration for carbon monoxide. The coefficient of 
determination r-square is 0.99.  The detection limit is 3 ppmV CO for an exposure 
time of 1minute. The lifetime of the sensor is around 250 ppmV∙Hr carbon 
monoxide. Same as the nitrogen dioxide sensor, since the sampling period is 
every other minute, the lifetime is extended to 500 ppmV∙Hr. 
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Figure 6.5 (A)Calibration curve for nitrogen dioxide (B) Calibration for carbon 
monoxide 
 
Without any filtration of the inlet gas, many kinds of gases could react with 
the carbon monoxide sensing element. As mentioned earlier, activated carbon is a 
very good filtering material for carbon monoxide sensing. It could absorb most 
gases except carbon monoxide and hydrogen. In this integrated device, 22.5 mg 
activated carbon is inserted in the spacing between the two sensing chambers. 10 
ppmV nitric oxide, 10 ppmV nitrogen dioxide, 10 ppmV hydrogen, 1 ppmV 
hydrogen sulfate and 1 ppmV benzene, toluene, ethylbenzene and xylenes mixture 
don't show response. All these tested concentrations are higher than the normal 
concentration range presented in ambient air for each gases.  
6.3.2 Field tests 
For a combined nitrogen dioxide and carbon monoxide sensor, the typical 
applications are for car, truck and bus parking garages, loading areas, fire houses 
et al. Some preliminary tests are done for the device demonstration. Since no 
filter is used, the device is detecting a combined concentration of NO2 and O3 on 
the nitrogen dioxide sensor. For the lab air test, the device is just exposed to the 
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lab environment. Gas sample at the intersection of two busy roads in Tempe, AZ 
is collected in a Tedlar bag and taken back to the lab for further analysis. Another 
gas sample is also collected on the highway during rush hour in Tempe, AZ. For 
these three tests, a nitrogen dioxide and ozone device developed in our lab has 
been used as the reference for nitrogen dioxide sensor on the integrated device. A 
commercial carbon monoxide device (carbon monoxide meter, Extech Instrument 
Inc.) is used as the reference for carbon monoxide sensor on the integrated device. 
The integrated device follows the trend of the commercial devices but the 
amplitudes of the concentration are not exactly the same. More tests should be 
done to improve the real sample performance. The combined NO2 and O3 
concentration in the lab is very low in both of the devices. The integrated device 
shows around 20 ppbV while the reference device shows around 100 ppbV. At the 
intersection of buy roads, the NO2 and O3 concentration is around 500 ppbV on 
the integrated device and 300 ppbV on the reference device. On the highway, the 
NO2 and O3 concentration is a little bit lower on the integrated device than at the 
intersection, ~300 ppbV while the reference device shows 300 ppbV also. The 
commercial CO sensor has a detection limit of 1 ppmV and shows zero reading 
for all these tests. And the reading from the integrated device is also quite small, 
around the detection limit of 3 ppmV. The last test is done using a match (Long 
reach matches, Diamond Inc.). A match is lighted near the inlet of the integrated 
device. The combined NO2 and O3 concentration is around 300ppbV while the 
CO concentration is around 300 ppmV. The reference devices are not used for this 
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test since it is hard to make sure both devices sample from the same gas. However, 
just to have an idea, when the commercial CO sensor is placed near the match 
during the test, it shows around 200 ppmV CO.  
 
Figure 6.6 Real sample tests 
 
6.4 Conclusion 
An integrated device has been built to detect nitrogen dioxide and carbon 
monoxide simultaneously. The device uses a very small fan to deliver the sample 
to the system which saves power and reduce size and cost. The device has a 
dimension of 3cm × 3cm × 7cm (battery excluded) which is extremely portable 
and suitable for personal exposure assessment. The response time for the device is 
2 minutes(1minute sampling, 1 minute reference) which gives a detection limit of 
20 ppbV for nitrogen dioxide and 3 ppmV for carbon monoxide. Some filed tests 
have been carried out on the integrated device together with the reference devices. 
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The integrated device follows the trend of the reference devices which 
demonstrate functionality of the device.     
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CHAPTER 7                                                                           
FORMALDEHYDE MONITORING 
7.1 Introduction 
Formaldehyde is a colorless yet very toxic compound. In 2011, the US 
National Toxicology Program described formaldehyde as "known to be a human 
carcinogen". Formaldehyde exposure is normally from three types of sources: 
thermal or chemical decomposition of formaldehyde-based resins, formaldehyde 
emission from aqueous solutions (such as embalming fluids) and the production 
of formaldehyde resulting from the combustion of a variety of organic 
components (such as exhaust gases). Since formaldehyde resins are commonly 
used in construction materials, it is one of the most common indoor air pollutants.  
Currently, National Institute for Occupational Safety and Health (NOISH) 
uses three methods to detect formaldehyde. Method 2016 is the most sensitive 
one[75]. It uses HPLC, UV detection. The sampler contains silica gel with 2,4-
dinitrophenylhydrazine. Method 2541 uses gas chromatography with flame 
ionization detector(FID)[76]. The sampler is solid sorbent tube with 2-
hydroxymethyl piperdine. Method 3500 is visible absorption spectrometry[77]. 
Other methods include FTIR, electrochemical, semi-automated wet chemical 
methods et al.    
Despite all the existing methods, there remains a need for an inexpensive, 
rapid analytical, mobile device for personal assessment. It would add more 
functionality to the integrated devices.   
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7.2 Experimental setup 
The webcam plus fan setup is used for the formaldehyde detection. This setup 
is modified from the previous fan setup. A bigger fan (Sunon, Part Number: 
GB0502PFV1-8.B2393.GN) is used. This fan can provide a higher pressure 
difference which allows it to directly draw gas sample from the sample bag, so no 
external pump is needed. The flow rate is around 1.3 L/min. Webcam is used to 
monitor the sensing element's color change. A region on the sensing element is 
chosen as the sampling region while a region outside the sensing element is 
chosen as the reference region. Then, the absorbance is calculated from the 
intensities of these two regions. The absorbance change for the green channel is 
used in this specific reaction.  
 
The sensing element is based on the reaction of formaldehyde with 
hydroxylamine sulfate which changes the pH value of the substrate. Thymol blue 
is used as the pH indicator to help visualize this pH change. The sensing elements 
Figure 7.1 Formaldehyde Experimental Setup 
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are prepared using silica gel substrate (Whatman Ltd., P/N:4410221). 100 mg 
hydroxylamine sulfate and 2 mg thymol blue are dissolved in a mixture of 3 ml 
water, 0.5 ml glycerol and 6.5 ml methanol. Then the solution pH value is 
adjusted to 5.5. A 21 cm × 21 cm silica gel plate is dipped into the solution and 
then gently shaking for an hour. The silica gel plate is then dried in vacuum 
overnight and then cut into small pieces (5.3 cm × 5.3 cm) before using.  
The formaldehyde gas is prepared by diluting the standard gas (Scott Special 
Gases). Based on the needed concentration of formaldehyde, a calculated 
amounted of standard gas is first draw into a syringe and then injected into a 4 L 
Tedlar bag. The diluting gas is using ambient air in the lab. The formaldehyde 
concentration in the lab is detected to be less than 10 ppbV using the commercial 
formaldehyde sensor (RKI Instruments, HCHO detector FP-40). So the 
interference from the lab ambient air should be minimum.   
7.3 Result and Discussion 
 
Figure 7.2 Sensor response for 1 ppmV HCHO 
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Figure 7.2 shows the sensor response for 1 ppmV HCHO. When the fan is off, 
the sensor has no response. Then the fan is switched on for 1 minute. The 
absorbance of the green channel increases as the HCHO gas sample enters the 
system. Fan is off after 1 minute's sampling. The sensor starts to return to baseline.  
 
A calibration curve is obtained for formaldehyde on the fan device. The 
sensor response is tested for the range of 0-2400 ppbV.  The r-square value for the 
fitting is 0.99 which shows the response is extremely linear in this range. The 
detection limit is estimated to be 50 ppbV for 1 minute sampling time. The 
lifetime for one sensor element is 0.25 ppmV∙Hr.  
Table 4 Interference Test for Formaldehyde 
Compound Selectivity Coefficient 
CO 1.8×10
3
 
CO2 -1.3×10
3
 
H2 3.0×10
6
 
NO2 15.3 
NO 1.7×10
2
 
BTEX -4.5×10
2
 
Acetone 2.3 
 
Figure 7.3 Calibration curve for formaldehyde 
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Some common gas compounds presented in the ambient air are tested for 
interference. The selectivity coefficient is defined the same way as in Chapter 3. 
Most compounds tested don't interference with this test except acetone and NO2. 
Acetone should not be a big concern since it is normally present low 
concentration in the ambient air. For NO2, the sensor doesn't show response for 
less than 1 ppmV NO2 while in ambient environment, NO2 is generally in the 
range of 10 ppbV to 500 ppbV. So NO2 is not a big interference also. Ozone is 
likely to be a strong interference. However, it has not been tested yet. It would be 
one of the priorities in the future work.  
  One of the reasons to use ambient air as the diluting gas is the sensing 
element is very sensitive to sudden change of humidity. Since the baseline period, 
the sensing element is exposed to ambient humidity. If in the sampling period dry 
clean air is used as what we normally do, there would be a sudden humidity 
change which would affect the formaldehyde reading. However, in the natural 
Figure 7.4 Sensor response under different humidity levels 
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environment, a sudden change of humidity is not normal. The next thing we need 
to make sure is whether the sensing element is sensitive to slow humidity change.  
The whole device is put into a chamber where relative humidity is adjusted to 
different levels. The relative humidity level is set by putting different saturated 
salt solutions. Figure 7.4 shows the sensing element has similar sensitivity under 
the humidity range from 16% to 74%. It indicates that the device is functional in 
different days and locations where the ambient humidity levels vary a lot.  
7.4 Conclusion 
In the chapter, a formaldehyde sensor based on colorimetric reaction is 
presented. The dynamic range of this sensor is 0-2400 ppbV HCHO with a 
detection limit of 50 ppbV∙min. The lifetime of the sensor is 0.25 ppmV∙Hr. 
Common interferences have been tested. So far, no interferences from ambient air 
is shown. Ozone could be a potential interference which needs to be tested in the 
future work. The sensor response is stable under the relative humidity range of 16% 
to 74% which covers most of the ambient humidity range. The development of 
this formaldehyde sensor gives us the opportunity to add a new compound to the 
integrated device.  
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CHAPTER 8                                                                                  
CONCLUSION AND FUTURE WORK 
In the previous chapters, it has been shown that ozone, NOx, carbon monoxide 
and formaldehyde could be detected in mobile devices. The detection of ozone 
utilizes the tuning fork platform and also the colorimetric platform. For the NOx 
detection, it is based on colorimetric sensing. It is sensitive and selective, but the 
lifetime is limited. The lifetime of this sensor is further improved by combing 
with the microfluidic channel. Carbon monoxide sensor is also based on 
colorimetric sensing and it is integrated with nitrogen dioxide sensor. In order to 
improve the portability of the device, fan is used instead of pump and valve. The 
fan setup could reduce the size, power consumption, cost of the device. The 
formaldehyde sensor is proved to be working in the fan platform which offers the 
potential to be integrated in the same device with all the other gas analytes. 
One direction for the device improvement is to keep adding more gas analytes 
to the detecting list. The more gas analytes could be detected, the more 
information could be gathered. Also the correlation of different pollutants could 
be draw. For example, particulate matter is a serious problem in many countries. 
It is related to severe health conditions like heart disease and lung cancer[78]. It 
would be very useful if particulate matter could be detected. 
Another possibility is to take advantage of the fast growing cloud computing 
technologies. One possible shortcoming of adding more gas analytes in one 
device for detection is the size of the device would increase proportionally. So 
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one way to solve this problem is to share all the detection results. For example, if 
your device could detect NOx and CO while another device nearby could detect 
O3 and formaldehyde, and you all share your results through cloud with each 
other, now you know the concentrations of four pollutants instead of just two. 
Also you could get a mapping of pollutant levels from all the other devices out 
there without actually going to the area.  
The mobile health sensor for personal assessment is still a newly developed 
area which involves lots of exciting challenges and opportunities. I believe with 
all the efforts of all the fellow engineers, we can make the world a better place to 
live in.     
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